promise energy-efficient spintronic devices. For applications, it is important that these torques switch films with perpendicular magnetizations without an external magnetic field 9-14 . One suggested approach 15 to enable such switching uses magnetic trilayers in which the torque on the top magnetic layer can be manipulated by changing the magnetization of the bottom layer. Spin currents generated in the bottom magnetic layer or its interfaces transit the spacer layer and exert a torque on the top magnetization. Here we demonstrate fieldfree switching in such structures and show that its dependence on the bottom-layer magnetization is not consistent with the anticipated bulk effects
. Two fundamental questions about spin-current generation via the spin-orbit interaction relate to modifying the spin polarization carried by the spin current. First, how can one increase the magnitude of spin polarization? Most studies have focused on this objective, which typically involves searching for materials with a large spin Hall effect [1] [2] [3] [4] [5] [6] [7] [8] , which converts a charge current to a spin current 19, 20 through bulk spin-orbit coupling. Here, we address a second question: how can we control the direction of the spin polarization?
Current implementations of high-density magnetic memory and logic applications use structures with perpendicular magnetizations [21] [22] [23] . For commercial viability, it is necessary to switch this perpendicular magnetization without applying an external magnetic field. Deterministic field-free switching of perpendicular magnetizations via spin-orbit torques is impossible without applying an in-plane magnetic field 1 (or effective field [9] [10] [11] [12] [13] [14] ) or, as we demonstrate, the spin σ of the incoming spin current having a component anti-aligned with the perpendicular magnetization. In isotropic materials, symmetry requires that for the spin Hall effect, the spin polarization σ, spin-current flow and charge-current flow are mutually orthogonal. In this case, charge flowing in the electric-field direction (x direction) generates spin flowing toward the interface normal (z direction) and this spin current is spin-polarized along the σ = ± y direction. Field-free switching of perpendicular magnetization requires spin currents with σ deviating from y. Such spin currents, but not switching, have been demonstrated in recent experiments in low-symmetry, single-crystal WTe 2 (ref. 24 ) and in metallic ferromagnets in trilayers 25 .
Here, we experimentally demonstrate spin currents that have spins aligned away from ± y and that are strong enough to give fieldfree spin-orbit torque switching of perpendicular magnetizations in ferromagnetic trilayers. These spin currents are generated in a separate, in-plane-magnetized ferromagnet (FM) and flow through the normal metal with an out-of-plane (z) component of the spin polarization in addition to an in-plane (y) component. We also show theoretically that the interface between the ferromagnet and the normal metal can generate such spin currents (Supplementary Note 1) through a combination of two processes 16, 17 . First, the inplane electric field (E//x) creates non-equilibrium carriers that are anisotropic in momentum space and differ between the ferromagnetic and normal-metal layers (because of their different electrical conductivities). The asymmetry between carriers in different layers allows for net spin propagation normal to the interface, perpendicular to the electric field. Second, carriers scattering off the interface interact with interfacial spin-orbit fields, polarizing the flow of spins. These processes enable an in-plane electric field to generate a spin current flowing out-of-plane.
Two distinct mechanisms are important for electron spins scattering from an interface: spin-orbit filtering and spin-orbit precession. The former applies to the component of the spins along the interfacial spin-orbit field and the latter to the transverse components. Carriers incident to the interface with spins parallel and antiparallel to the field have different reflection and transmission probabilities. After scattering, an unpolarized current becomes polarized. When summed over all electrons, this spin-orbit filtering gives a net spin polarization in the y = z × E direction, identical to that of the spin Hall spin current (Supplementary Note 1).
Spin-orbit precession occurs because incoming carriers with opposite spins perpendicular to the spin-orbit field both precess the same while scattering off the interface. If the incoming current has no net spin polarization, no polarization develops. However, if the incoming current has a net polarization, such as from a ferromagnetic layer, then after precession, the net polarization survives and changes its orientation. After summing over the Fermi surfaces, the spin-orbit precession current has a net spin polarization in the m × y direction, where m is the magnetization vector of the ferromagnetic layer (Supplementary Note 1). For an in-plane-magnetized Letters NaTure MaTerialS ferromagnet (m//x), this mechanism generates a spin current flowing into the normal metal polarized with a z component.
Symmetry does allow for similar spin currents in bulk ferromagnets. However, existing theoretical models 15 postulate that the spin currents generated by the bulk spin-orbit interaction have spins largely aligned with the magnetization because precession of the spins around the exchange field rapidly dephases the transverse components. If this explanation is not correct, bulkgenerated spin currents could provide an explanation for our experimental results. However, interface-generated spin currents are not subject to dephasing once they enter the normal metal, potentially allowing for much larger components transverse to the magnetization.
To test whether spin currents such as those predicted to be generated at the interface are significant, we measure spin-orbit torques for bottom FM(4)/Ti(3)/top CoFeB(1 to 1.4)/MgO(1.6) Hall bar structures (layer thicknesses are in nanometres). The top CoFeB layer is perpendicularly magnetized and serves as a spin current analyser while the bottom FM is an in-plane-magnetized CoFeB or NiFe layer ( Fig. 1a and Methods). We refer to these structures collectively as FM/Ti samples and particularly as CoFeB/Ti or NiFe/Ti samples. We choose these structures because the insertion of a Ti layer adds an additional FM/Ti interface but, as we show below, the Ti layer itself generates a negligible spin current. Consequently, any spin current generated in the FM/Ti samples is caused either by the bulk spin-orbit interaction of the bottom ferromagnet 15 or by the interfacial spin-orbit interaction of the FM/Ti interface 16, 17 . We perform harmonic Hall voltage measurements 4, 5 (Methods) to assess the damping-like and field-like spin-orbit torques. We also measure spin-orbit torque switching as an independent test for the sign of spin-orbit torque. In the harmonic Hall measurement with an a.c. current applied in the x direction, the sign of the second harmonic signal (V 2ω ) for an in-plane magnetic field B = B x (B = B y ) gives the sign of damping-like (field-like) spin-orbit torque (see schematic in Fig. 1a) . We examine four types of sample: CoFeB/Ti, NiFe/Ti and two other types of sample in which the FM/Ti bilayer is replaced by a single Ta or Ti layer (that is, the Ta and Ti samples). The Ta sample provides a reference for the sign of spin-orbit torque.
The Ta sample shows a negative peak in the second harmonic signal for positive in-plane fields (that is, B x > 0), corresponding to a negative spin Hall angle (Fig. 1b) . Spin-orbit torque switching of the Ta sample shows up-to-down switching for negative currents and positive B x (Fig. 1f) . This switching direction also corresponds to a negative spin Hall angle (Fig. 1b) . On the other hand, the Ti sample shows negligible spin-current generation (Supplementary Note 2) as seen both in the lack of spin-orbit torque switching (Fig. 1c) and in the small second harmonic signal V 2ω when normalized by the maximal change in V 1ω shown in the insets 4, 5 . Importantly, we find that the CoFeB/Ti (Fig. 1d,h ) and NiFe/ Ti (Fig. 1e,i ) samples exhibit spin-orbit torques sufficiently large 
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to switch the perpendicular magnetization of the top CoFeB layer. A difference between the CoFeB/Ti and NiFe/Ti samples is the sign of the spin-orbit torque (that is, the sign of the spin polarization).
The CoFeB/Ti sample shows the same sign as the Ta sample but the NiFe/Ti sample has the opposite sign. As we use nominally identical structures except for the type of bottom ferromagnet, this sign difference between the samples unambiguously demonstrates that the spin current generated from the bulk ferromagnet or FM/Ti interface is responsible for the spin-orbit torque. We estimate the effective spin Hall angles (Supplementary Note 4) as approximately − 0.048 ± 0.002 for the Ta sample, approximately − 0.014 ± 0.001 for the CoFeB/Ti sample and approximately + 0.006 ± 0.0006 for the NiFe/Ti sample (uncertainties are single standard deviations). Therefore, the effective spin Hall angles of FM/Ti samples are non-negligible. We next test whether the spin current in FM/Ti samples is consistent with that predicted 15 for the bulk spin-orbit interaction of the bottom ferromagnet subject to strong dephasing. We focus on the anomalous Hall effect because the anisotropic magnetoresistance is predicted to give no out-of-plane spin currents for an in-plane magnetization. Comparing in-plane-magnetized CoFeB and NiFe layers without a perpendicularly magnetized top CoFeB layer, we find that the anomalous Hall signals are of the opposite sign, consistent with a previous calculation 26 (Supplementary Note 5). This sign change is consistent with the opposite spin-orbit torque signs between the CoFeB/Ti and NiFe/Ti samples (Fig. 1) .
The spin polarization direction of the spin current originating from the anomalous Hall effect is expected to align with the magnetization direction of the ferromagnet 15 and can be analysed through the second harmonic signal as a function of the azimuthal angle of magnetization in the ferromagnet. Macrospin modelling (Methods) gives the expected variation of second harmonic signals with the azimuthal angle of magnetization for a fixed spin direction (σ = y; Fig. 2a ) and for the anomalous Hall effect (σ = m; Fig. 2b) . Figure 2c ,d shows the measured azimuthal-angle-dependent second harmonic signals for the Ta and CoFeB/Ti samples, respectively. We find the behaviour of the samples to be consistent with the calculation for the fixed σ = y. The NiFe/Ti sample exhibits a similar dependence but with reversed sign (Supplementary Note 6) . From these results, we conclude that the spin current in FM/Ti samples appears to have its spin component along the y direction, which is inconsistent with the predicted 15 behaviour of the anomalous Hall effect, but is consistent with what we expect from the interfacial spin-orbit interaction of the FM/Ti interface. To test whether the bottom FM bulk or FM/Ti interface generates the spin current, we insert a 1-nm-thick NiFe or CoFeB layer between the in-plane FM and Ti layers of the CoFeB/Ti and NiFe/Ti samples shown in Figs. 1 and 2 . We measure harmonic signals and spin-orbit torque switching in substrate/CoFeB(3)/NiFe(1)/Ti(3)/CoFeB/MgO and substrate/NiFe(3)/CoFeB(1)/Ti(3)/CoFeB/MgO samples. We find that the sign of the spin-orbit torque is determined by the thinner (1 nm) inserted layer rather than the thicker (3 nm) bottom FM layer (Supplementary Note 7) . This observation suggests that the unconventional spin current originates from the interface as the spin diffusion length of the FMs is believed to be longer than 1 nm (ref. 27 ). To test whether the spin polarization of the spin current has an additional z component (σ z ) as predicted by theory, we measure hysteresis loops of the anomalous Hall signal R xy (that is, the m z component of the top perpendicular CoFeB layer) versus the outof-plane field B z in the presence of d.c. current I d.c. We note that a current with a particular polarity generates a spin current flowing out-of-plane with a spin z component and generates an anti-damping torque for the perpendicular magnetization. Anti-damping torque causes an abrupt increase in the loop shift as a function of I d.c. at a threshold above which it exceeds the intrinsic damping, as in conventional spin-transfer torque studies 28 (also indicated by downarrows in modelling results (Fig. 3a) ). Here we define the centre of the hysteresis loop
, where We note that such a threshold effect is absent for σ = y and external in-plane field B x = 0 (black filled square symbols in Fig. 3a) . We also note that for the case with σ = y and B x ≠ 0, Δ B s gradually increases with d.c. current but there is no threshold effect (black open circular symbols in Fig. 3a) . In Fig. 3b,c, Spin-orbit torque switching without in-plane magnetic fields provides additional support for this spin z component. As the spin z component favours opposite magnetization directions of the top CoFeB layer for opposite current directions, it enables field-free spin-orbit torque switching. In Fig. 3d ,e, we show that field-free switching is achieved for the CoFeB/Ti sample when the magnetization of the bottom, in-plane layer points along the + x and − x directions, respectively. We note that stray fields from the in-plane CoFeB layer could cause field-free switching but must show a linear increase with d.c. current even below 5 mA, which is not seen in Fig. 3c . The threshold effect in Δ B S together with field-free switching proves the existence of a spin z component in the polarization of spin currents. 
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In this work, we demonstrate other-ferromagnet-generated spin current experimentally and derive a model for an interfacegenerated contribution. As widely studied ferromagnet/heavy metal bilayers also have an interface, we expect that non-negligible interface-generated spin currents are present in bilayers as well, as recently suggested by ab initio studies 29, 30 . Our finding of the otherferromagnet-generated spin current broadens the scope of material engineering for spintronic devices, and is beneficial for spin-orbit torque switching devices with perpendicular magnetization because it eliminates the external field that is deleterious to high-densitydevice integration.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41563-018-0041-5. 
